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Thermal Dispersion in Porous
Media—A Review on the
Experimental Studies
for Packed Beds
Thermal dispersion is an important topic in the convective heat transfer in porous media.
In order to determine the heat transfer in a packed bed, the effective thermal conductivity
including both stagnant and dispersion thermal conductivities should be known. Several
theoretical and experimental studies have been performed on the determination of the effec-
tive thermal conductivity. The aim of this study is to review the experimental studies done
on the determination of the effective thermal conductivity of the packed beds. In this study,
firstly brief information on the definition of the thermal dispersion is presented and then the
reported experimental studies on the determination of the effective thermal conductivity are
summarized and compared. The reported experimental methods are classified into three
groups: (1) heat addition/removal at the lateral boundaries, (2) heat addition at the inlet/
outlet boundary, (3) heat addition inside the bed. For each performed study, the experimen-
tal details, methods, obtained results, and suggested correlations for the determination of
the effective thermal conductivity are presented. The similarities and differences between
experimental methods and reported studies are shown by tables. Comparison of the corre-
lations for the effective thermal conductivity is made by using figures and the results of the
studies are discussed. [DOI: 10.1115/1.4024351]
Keywords: heat transfer, thermal dispersion, porous media, packed bed, effective ther-
mal conductivity, experimental methods
1 Introduction
A porous medium is a composite medium containing voids and
solid particles. The voids can be interconnected (open cell) or
unconnected (closed cell). The applications of heat and fluid flow
in porous media are encountered in many industrial areas such as
food and crop drying processes, chemical reactors, filters, gas sep-
arator adsorbent beds. Water flowing through the rocks and soil
can be modeled by using the hydrodynamic equations of fluid
flow in porous media. In an open cell porous medium, fluid flows
in the pores (or voids) between the particles. The mechanism of
the flow through the pores is complex and the flow is three-
dimensional; hence pore level determination of the velocity and
the temperature fields is difficult. For this reason, simplifier
approaches are required to overcome the difficulties in analyzing
heat and fluid flow in porous media. One of the most common
methods is the macroscopic approach in which heat and fluid flow
equations are established for a continuum domain involving the
whole volume of the porous media—although a discontinuity in
the flow field exists due to the solid phase. This requires defini-
tions for the volume averaged velocity, pressure, and temperature
including both solid and fluid phases. Taking a volume integral of
the continuity, momentum, and energy equations over a control
volume in the domain yields the macroscopic governing equations
for the continuum domain. The volume average of the heat trans-
fer equation results in two extra terms named as thermal disper-
sion and thermal tortuosity [1,2].
Thermal dispersion is an important phenomenon in analyzing
convective heat transfer in the porous media. In addition to the
molecular diffusion, thermal dispersion is a factor affecting the
heat transfer. Thermal dispersion is resulted due to the nonuni-
formity of the pore level temperature and velocity, and the effects
of hydrodynamic mixing on the temperature field. The mixing of
the fluid can be caused by different factors such as
• the obstacles in the porous medium that causes change of
fluid flow direction
• recirculation of the fluid elements in the voids where pressure
is reduced
• nonuniform accessibility of the fluid elements to the voids
• eddy diffusion when the flow is turbulent
• the dead-end voids of the porous media
As it was mentioned before, the pore level heat transfer analysis
for a large volume of porous media is unpractical and difficult.
This leads researchers to the macroscopic analysis by using the
volume averaging method. Even for a simple, unidirectional, fully
developed heat and fluid flow in a tube, establishment of the heat
and fluid motion equations based on the average velocity and tem-
perature requires an extra dispersion term. The extra dispersion
term involves the effects of temperature and velocity non uni-
formities which is called Taylor dispersion [2].
In order to obtain a general thermal dispersion relation valid for
the various porous media, the dimensionless parameters effecting
the thermal dispersion should be specified. Our review on the pro-
posed mathematical relations for the determination of the thermal
dispersion shows that the following parameters highly influence
the thermal dispersion value:
• Peclet and Reynolds numbers: the thermal dispersion value
highly depends on the particle-based Reynolds number
because the flow patterns and the mixing of the fluid in the
voids between the particles are highly influenced by the
particle-based Reynolds number. The thermal dispersion
increases with increasing Reynolds number. Some suggested
correlations for the determination of the effective thermal
conductivity values have been developed based on the
particle-based Peclet number in order to involve not only the
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hydrodynamic effects but also the thermal interactions in the
pore level.
• The ratio of the thermal conductivities between solid and
fluid phases (ks/kf) (or the ratio of the equivalent and the fluid
thermal conductivities (ke/kf)): the thermal dispersion is
affected from the thermal interactions between solid and fluid
phases and therefore from their conductivities. Generally,
instead of the thermal conductivity ratio of two phases, the
ratio of equivalent (stagnant) thermal conductivity of the bed
to the fluid phase thermal conductivity (ke/kf), which also
includes ks/kf, is added into the correlation.
• Porosity (e): porosity is defined as the ratio of the fluid occu-
pied volume to the total control volume. Although there are
correlations which include the effect of porosity explicitly, in
the most of them the effect of porosity is hidden. There is no
doubt that the thermal dispersion is highly affected from po-
rosity, however its effects are involved by Reynolds number
and the equivalent thermal conductivity.
• Porous structure: the porous structure (i.e., void shapes, con-
nection between particles, distance between particles, surface
roughness, etc.) plays an important role in the thermal disper-
sion due to its effect on the pore level flow.
• Ratio of thermal capacitances between solid and fluid phases
((qcp)s/(qcp)f) [2]: although, there is no correlation in this
review which includes this ratio for the determination of the
effective thermal conductivity, the ratio might be important
in transient heat transfer problems because the amount of
stored or released heat directly affects temperature distribu-
tion in the porous media.
The influences of some of the above parameters were explained
by Kaviany [2]. In this study, after presenting brief information on
the mathematical definition of the thermal dispersion, the experi-
mental approaches reported in the literature for the determination
of the thermal dispersion are reviewed in three groups as: (1) heat
addition/removal at the lateral boundaries, (2) heat addition at the
inlet/outlet boundary, and (3) heat addition inside the bed. The ex-
perimental studies are categorized based on the heating conditions
of the test section in the experimental setups. The principles of
each method and the related reported studies are explained by
using the schematic views of the experimental setups. In most of
the research reviewed in this study, thermal equilibrium assump-
tion was considered for the determination of the effective thermal
conductivity. A diagram is prepared to show the range of the
Reynolds numbers studied in the literature. The reported studies
are compared with each other according to the treatments for the
determination of the axial and/or the radial effective thermal con-
ductivities, the boundary conditions of the bed, the materials, and
the geometrical parameters of the packing particles, and the shape
and the geometrical parameters of the packed bed. A table show-
ing the proposed relations for the determination of the radial and/
or axial thermal dispersion conductivities is also presented.
2 Background of Thermal Dispersion
The fluid velocity in the voids between the particles of the po-
rous media is not uniform. The discontinuities in the velocity field
exist because of the existence of the solid phase. Furthermore,
sudden changes in the temperature field occur because of the heat
transport in the interphase boundaries. For a porous medium that
contains a solid phase and an incompressible Newtonian fluid
without considerable effect of viscous dissipation, the following
energy equations for the fluid and the solid phases can be written,
respectively.
qf cpf
@Tf
@t
þr ~uTf
 
¼ kfr2Tf (1)
qscps
@Ts
@t
¼ ksr2Ts (2)
where q is density, cp is specific heat, and T is temperature. The
subscript s refers to the solid while f indicates the fluid flowing
through the pores. The velocity vector and the thermal conductiv-
ity are shown by ~u and k. To obtain the macroscopic energy equa-
tions for the fluid and the solid phases of the porous media, the
volume averaging approach can be used. Whitaker and his co-
workers were studied the volume averaging method in detail and
published very valuable studies on the theory of the volume aver-
aging method and its applications for the engineering problems.
The detailed explanation can be found in the published book and
papers [3–6]. However, brief information on the volume averag-
ing method is given in this section.
A representative control volume of a porous medium is shown
in Fig. 1. To obtain a meaningful volume averaged quantity, the
characteristic length of the control volume (i.e., V1/3) should be
greater than the microscopic characteristic length and also should
be smaller than the macroscopic characteristic length (i.e., V
1=3
C )
[1]. In general, the volume averaging of a quantity u is defined by
Eq. (3) where V is the total volume of fluid and solid phases in the
control volume.
uh i ¼ 1
V
ð
V
udV (3)
To separately obtain the intrinsic averaged quantities in the
phases, the pore volume averaging is considered for the fluid
phase (Eq. (4)) and the particle volume averaging is considered
for the solid phase (Eq. (5)) [1].
uh if¼ 1
Vf
ð
Vf
udV (4)
uh is¼ 1
Vs
ð
Vs
udV (5)
For instance, the Darcian velocity which is the macroscopic (or
superficial) velocity can be defined by the following equation:
uh i ¼ 1
V
ð
V
udV ¼ 1
V
ð
Vf
udV (6)
There is a difference between the intrinsic volume averaged value
of u and its local (microscopic) values. The deviation of the quan-
tity u from its intrinsic volume averaged value is shown by u0 and
this fluctuation can be defined as [1]
u0 ¼ u uh if (7)
The volume average of the multiplication of two quantities can be
calculated from the following relation:
u1u2h i ¼
1
e
u1h i u2h i þ u01u02
 
(8)
By using the definition of the volume averaging and the defini-
tions in Eq. (7) and (8), the macroscopic energy equations can be
found as [1]
Fig. 1 Microscopic view of the porous structure [1]
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qf cpf e
@ Th if
@t
þ ~uh i  r Th if
 !
¼ kf er2 Th ifþr  1
V
ð
S
kf TdS
 
þ 1
V
ð
S
kfrTdS qf cpfr  T0~u0h i
(9)
qscps 1 eð Þ
@ Th is
@t
¼ ks 1 eð Þr2 Th is r  1
V
ð
S
ksTdS
 
þ 1
V
ð
S
ksrTdS (10)
Equation (9) represents the macroscopic form of the energy equa-
tion for the fluid phase, while Eq. (10) is for the solid phase. The
excess terms in the volume averaged energy equations represent
the interfacial heat fluxes as defined in the study of Ochoa-Tapia
and Whitaker [5].
Local thermal equilibrium between the solid and the fluid
phases can be assumed for the most of the convection problems in
the porous media. Quintard and Whitaker [7] developed the con-
straints that must be satisfied for the validity of the thermal equi-
librium assumption; the details of these constraints can be seen
from their study. If the thermal equilibrium between two phases is
valid, Th if¼ Th is¼ Th i and the summation of Eqs. (9) and (10)
yields Eq. (11) for a continuum domain.
qcp
 	
e
@ Th i
@t
þ qf cpf ~uh i  r Th i ¼ ker2 Th i
 r  1
V
ð
S
kf  ks
 	
TdS
 
 qf cpfr  T0~u0h i (11)
Here, (qcp)e and ke are the equivalent thermal capacitance and the
equivalent thermal conductivity of the continuum domain. These
equivalent properties include porosity as well as the thermal prop-
erties of both solid and fluid, and defined as presented below.
Although the equivalent thermal conductivity equation (Eq. (13))
is straightforwardly comes from the procedure to obtain single
macroscopic energy equation explained above, various models
which include other parameters such as the particle contact effects
have been proposed in the literature to determine the equivalent
thermal conductivity of the porous media [8]. The equivalent ther-
mal conductivity is also called as the stagnant thermal
conductivity.
qcp
 	
e
¼ 1 eð Þqscps þ eqf cpf (12)
ke ¼ 1 eð Þks þ ekf (13)
The last two terms in the macroscopic energy equation (Eq. (11))
have been distinctively defined as thermal tortuosity and thermal
dispersion. These terms do not exist in the microscopic energy
equations and they are resulted from the volume averaging proce-
dure. The thermal tortuosity term regards the change of the ther-
mal diffusion path due to different thermal conductivities between
the solid and the fluid. It is described as an elongation in the ther-
mal path due to the existence of the solid particles [9]. The ther-
mal tortuosity permits to report on the perturbation of heat flow
due to inclusions or cavities dispersed in the medium [10]. Tortu-
osity vanishes if kf  ks
 	
T is constant over the interface and it is
usually negligible [1].
The term qf cpf T
0~u0h i is analogous to the turbulent heat flux in
the turbulent convection heat transfer, which accounts for the con-
tributions from mechanical dispersion, and can be modeled simi-
larly by a gradient-type diffusion hypothesis [1]. Hence, the
thermal dispersion term in Eq. (11) can be written in the form of a
heat diffusion transport and defined by using the thermal disper-
sion conductivity (kdis) as follows:
qf cpfr  T0~u0h i ¼ kdisr2 Th i (14)
As can be seen from Eq. (14), the thermal dispersion depends on
the thermophysical properties of the fluid phase and the tempera-
ture and the velocity fluctuations in the porous medium due to the
existence of two different phases. Thus, the thermal dispersion
conductivity term contains both the effects of the nonuniformities
in the temperature and velocity. By substituting Eq. (14) into Eq.
(11) and neglecting the thermal tortuosity term, the macroscopic
energy equation for a continuum domain involving both the solid
and the fluid phases takes the new form presented by Eq. (15).
qcp
 	
e
@ Th i
@t
þ qf cpf ~uh i  r Th i ¼ keffr2 Th i (15)
where keff is the effective thermal conductivity which is the sum-
mation of the equivalent thermal conductivity of the continuum
domain and the thermal dispersion conductivity.
keff ¼ ke þ kdis (16)
The effective thermal conductivity is defined by Eq. (13) and the
thermal dispersion conductivity can be found experimentally or
numerically. The general procedure of the numerical calculation
is given in the next section. Thermal dispersion occurs in the dif-
ferent directions in a porous medium due to the nonuniform veloc-
ity effects and the temperature gradient. The value of the effective
thermal conductivity depends on various parameters such as fluid
velocity, porosity, the shape of pores, and the solid and the fluid
thermal properties [2]. Since the heat diffusion occurs in all direc-
tions, the effective thermal conductivity is a tensor whose diago-
nal terms represent the longitudinal and the transverse effective
thermal conductivities of the continuum domain.
Most of the researchers prefer to determine effective thermal
conductivity ratio, which is the ratio of the effective thermal con-
ductivity to the fluid thermal conductivity. The most of the pro-
posed relations are in terms of the particle-based Reynolds
number or Peclet number (keff/kf¼ f(Re,Pr)). For a porous
medium, the particle-based Reynolds number is defined as
Re ¼ qf uh idp=lf where uh i is the macroscopic velocity, dp is
the equivalent particle diameter, and lf is dynamic viscosity of the
fluid. The particle-based Peclet number is the multiplication of the
particle-based Reynolds number with Prandtl number of the fluid.
3 Determination of the Thermal Dispersion
When the macroscopic approach is employed to analyze heat
and fluid transport in a porous medium, the effective thermal con-
ductivity including both stagnant and thermal dispersion conduc-
tivities should be known, precisely. Several numerical and
experimental studies on the determination of the effective thermal
conductivities in the longitudinal and the transverse directions are
reported in the literature. The experimental studies have been per-
formed for the packed beds. Fluid flows through the packed bed,
between the solid particles by using power of an external fan or a
pump. The bed is heated (or cooled) from the boundaries or from
the inside; thus the temperature of the bed is increased (or
decreased) and heat transfer occurs between the bed and fluid
flowing through the bed. By measuring the fluid temperature at
different locations in the bed and comparing the solution of the
macroscopic energy equation with the experimental data, the
effective thermal conductivity can be determined. In the numeri-
cal studies, Navier–Stokes and energy equations are solved for a
control volume inside a porous medium, and the microscopic ve-
locity and temperature distributions are obtained, numerically.
Then, the volume integrations of these fields are used to determine
the macroscopic transport properties like the effective thermal
conductivity and the permeability. For the theoretical calculation
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of keff the following equation can be used, which straightfor-
wardly comes from Eq. 14 [11]:
keff ¼ ke þ
qf cpf
Vfr Th i
ð
Vf
u uh ið Þ T  Th ið ÞdV (17)
where ke is given by Eq. (13).
Kuwahara and Nakayama [11] obtained the transverse and the
longitudinal thermal dispersion conductivities for a lattice of
square rods with numerical calculation. Kuwahara et al. [12] stud-
ied regularly spaced square rods in an infinite space, numerically.
The transverse coefficients of the thermal dispersion and the mo-
lecular diffusion due to tortuosity were found. Xu et al. [13]
examined an array of parallel plates to determine the thermal
dispersion in fully-developed laminar flow with steady and tran-
sient conditions. A correlation for the effective thermal diffusivity
(keff/qcp) in the longitudinal direction was numerically found.
Pedras and de Lemos [14] studied a periodic array of the longitu-
dinally placed elliptic rods in an infinite porous medium and
calculated the thermal dispersion tensor, numerically. The correla-
tions for both x and y components of the dimensionless thermal
dispersion tensor (kdis/kf) were proposed.
Quintard et al. [15] studied two- and three-dimensional
spherical or square cylinders, numerically. Thermal dispersion
coefficients were found with using thermal equilibrium and none-
quilibrium conditions. The comparison between the theoretical
and experimental results was done. Hsu and Cheng [16,17] also
proposed a theoretical model for the thermal dispersion conductiv-
ity based on the volume averaging method. Other numerical
studies on the determination of the thermal dispersion can be
found in the literature [18–21]. The proposed correlations for the
determination of the thermal dispersion usually include Peclet
number.
A review of some experimental studies on the determination of
the thermal dispersion conductivity of porous media was given by
Kaviany [2]. Additionally, Quintard and Whitaker [22] reviewed
transport in porous media. The comparisons of some of the experi-
mental studies for the determination of the thermal dispersion
were presented in their studies. However, in the present study, the
classifications reported in the literature are expanded and the ex-
perimental methods are classified based on the heating conditions
of the test sections of the experimental setups. Moreover, the stud-
ies performed in the recent years for the determination of the
effective thermal conductivity in the packed beds are explained
and details of the experimental studies are provided. The compari-
sons between the experimental apparatus, procedures and results
are discussed via tables and diagrams.
4 Experimental Studies on the Thermal Dispersion
The experimental studies on the determination of the effective
thermal conductivity are presented in detail. Different porous
shapes have been used in the performed studies. Many researchers
preferred to use the spherical particles while some others used the
cylinders, Raschig rings, etc. The employed porous materials
show variety as well. Most of the researchers have used spherical
glass particles, while ceramic and steel materials have also been
used. As the fluid, air is used mostly while water also has been
used in some of the investigations. Some investigators preferred
to determine the effective thermal conductivity under steady state
circumstances while the others used transient state. Generally,
thermal equilibrium condition was assumed for the determination
of the effective thermal conductivity.
Basically all the experimental methods follow the same proce-
dure. Experiments on the determination of the effective thermal
conductivity are generally performed by measuring the tempera-
tures at various locations inside a packed bed when a heat input is
imposed. The heat source used to generate the temperature gradi-
ent in the bed has been applied inside the packed bed or imposed
at the bed boundaries. To determine the effective thermal conduc-
tivity which includes both the equivalent thermal conductivity of
the porous medium and the thermal dispersion conductivity, the
following procedure is followed:
• A temperature gradient in the packed bed is generated by
using a heat source/sink.
• Temperatures at the different packed bed locations are
measured.
• The macroscopic energy equation (i.e., Eq. (15)) is solved for
the packed bed. In most of the studies, analytical methods
were used to obtain the solution of Eq. (15).
• Finally, the effective thermal conductivity for the considered
packed bed is found by the comparison of the temperature
fields obtained from the analytical solution and the
measurements.
Analysis of the related literature shows that the experimental
studies can be classified into three groups (Fig. 2):
(1) heat addition/removal at the lateral boundaries,
(2) heat addition at the inlet/outlet boundary,
(3) heat addition inside the bed.
In the following sections, these approaches are explained and the
reported experimental studies are also presented for each method,
separately. Based on the thermal boundary condition and heat
source type, each method is also classified into subgroups. These
subgroups are explained in the following sections in detail as well.
4.1 Heat Addition/Removal at the Lateral Boundaries. In
this approach, the temperature gradient in the bed is provided by
imposing uniform temperature or heat flux at the lateral boundaries
of the packed bed. The imposed temperature at the bed boundary
should be different than the fluid inlet temperature to create the
temperature gradient in the bed. The cylindrical packed beds have
been mostly used to provide an axisymmetrical condition. The use
of the axisymmetrical packed bed provides advantages such as
checking of the measured temperature at different locations and the
simplification of the macroscopic energy equation. Steady state
heat addition/removal at the lateral boundaries has been performed
in the most of the studies. In all studies that are discussed in this
section, thermal equilibrium condition is assumed for the determi-
nation of the effective thermal conductivity. Hence, the comparison
of the solution of the steady state macroscopic energy equation
Fig. 2 The experimental methods for the determination of the thermal dispersion
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with the experimentally achieved temperature profiles at steady
state yields the effective thermal conductivity value. The macro-
scopic energy equation presented by Eq. (18) was used to determine
the temperature distribution in the bed for the most experimental
studies in which the cylindrical bed was used.
qcp
 	
f
uh i @ Th i
@z
¼ ker @
2 Th i
@r2
þ 1
r
@ Th i
@r
 
þ keax @
2 Th i
@z2
(18)
where ker and keax are the radial (transverse) and the axial (longitu-
dinal) effective thermal conductivities, respectively. The axial dif-
fusion was neglected in some studies [23–27]; however, both radial
and axial effective thermal conductivities were calculated in the
study of Bunnell et al. [28]. Some researchers preferred to include
axial heat diffusion while the value of the axial effective thermal
conductivity was calculated based on the previously reported corre-
lations [29,30]. The imposed boundary conditions for Eq. (18) are
• convective heat transfer or constant heat flux at the lateral
surface
• uniform temperature at the inlet
• constant temperature that equals to the lateral wall tempera-
ture at the outlet (if it is required)
• symmetry at the center of the packed bed
In Fig. 3, the schematic view of an experimental setup that sum-
marizes the main components of the apparatus used in the experi-
mental studies is shown. As seen from Fig. 3, the fluid with a
specified mass flow rate firstly enters to the preheating section to
increase the fluid temperature to a specified value. The preheating
section is also filled with the studied porous medium. Then, it
passes through the calming section providing fully developed ve-
locity field. After the calming section, it enters to the main section
whose lateral surface temperature is different than the fluid inlet
temperature. In this section (test section), the temperatures at dif-
ferent points of the bed (longitudinal or transverse) is measured.
Based on the obtained local temperature, longitudinal or trans-
verse temperature profiles can be obtained. In some studies, the
preheating or the calming sections were not involved in the setup.
The available reported studies, which used heat addition/removal
at the lateral boundaries method, are briefly explained below.
Smirnov et al. [23] studied heat transfer in the cylindrical packed
beds filled with steel and glass spheres, ceramic cylinders, and ce-
ramic and copper Raschig rings. The performed study was done for
the range of Reynolds numbers from 250 to 2250. The heat diffu-
sion in the axial direction was neglected. The heat removal at the
lateral boundary was done by circulating water in an annular jacket.
In the study, the effective thermal conductivity and the related wall
heat transfer coefficient were found. A model with a linear variation
of the radial effective thermal conductivity in the vicinity of the
wall was proposed for the description of the radial heat transfer in
the packed bed. It was indicated that the radial effective thermal
conductivity can be predicted by the following relation:
ker
kf
¼ ke
kf
þ KRePr (19)
where K is the convective heat transport parameter and depends
on the porous structure. Some experimental values for K and the
wall heat transfer coefficient were obtained as given in Table 6.
Fig. 3 The schematic view of the experimental setup for the use of the heat addition/removal at
the lateral boundaries method
Applied Mechanics Reviews MAY 2013, Vol. 65 / 031001-5
Downloaded From: http://appliedmechanicsreviews.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/amread/927298/ on 04/10/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Smirnov et al. [24] also studied 4-hole and 52-hole cylindrical
pellets, 6-spoke wheels and 3-hole trilobed particles as packing
with the same experimental setup that was used in the previous
study [23]. All particles were made of ceramic. The Reynolds num-
ber range of 400–2300 was examined. It was claimed that the shape
of the particles used in the packed bed can significantly improve
the radial heat transfer and reduce the pressure drop. It was
remarked that the proposed model (Eq. (19), Ref. [23]) can describe
the radial thermal conductivity for all type of particles used in the
study without requiring any additional empirical parameters except
the value of the convective heat transport parameter K.
Smirnov et al. [25] also performed another study and investi-
gated the heat transfer in a cylindrical packed bed filled with cop-
per and ceramic particles with various shapes (cylinder, Raschig
ring, six-spoke wheels, etc.). In the performed experiments, Re
number was greater than 300. The values of the convective heat
transport parameter given in Eq. (19) for different shapes of cop-
per and ceramic particles were found. The obtained K values for
different packings are shown in Table 6.
Thomeo and Freire [26] studied the heat transfer in a cylindrical
packed bed filled with glass spheres. Air flow with Reynolds num-
bers between 60 and 190 was studied. The air temperature was
reduced at the main test section having heat removal at the lateral
boundary by imposing constant wall temperature. The axial diffu-
sion was neglected. A correlation was not proposed for the deter-
mination of the radial effective thermal conductivity.
Demirel et al. [27] studied air flow in a rectangular duct filled
with polyvinyl chloride Raschig rings for Reynolds numbers with
the range of 200–1200, and polystyrene spheres for Reynolds
numbers with the range of 200–1450. The bed was placed hori-
zontally and a uniform heat flux with the range of 50–170W/m2
was applied at the top wall while the other surfaces were insu-
lated. Instead of the theoretical solution for the determination of
the temperature distribution, a third order polynomial function
was assumed to predict the temperature distribution in the bed.
The coefficients of the polynomial function were obtained by
using the experimental data. The suggested correlations for the
determination of the transverse effective thermal conductivity of
two packings as Raschig rings and spheres are given in Table 6.
Bunnell et al. [28] investigated the heat transfer in a cylindrical
packed bed with alumina cylinders. Reynolds numbers with the
range between 30 and 100 were studied. The lateral surface of the
bed was held at a constant temperature (100 C) that was lower
than the inlet air temperature (400 C) by using boiling water cir-
culation in the jacket of the bed. Thermocouples were placed in
such a way that both fluid and solid temperatures were measured
in the radial direction. The effective thermal conductivities for the
radial and the axial directions were assumed equal and the solu-
tion Eq. (18) was obtained under this assumption. The obtained
correlation for the determination of the effective thermal conduc-
tivities is displayed in Table 6.
Wen and Ding [29] studied a cylindrical packed bed of glass
spheres with air as the fluid. Re numbers with the range between
100 and 700 were considered. The whole lateral surface of the
packed bed was heated and maintained at constant wall tempera-
ture. The thermocouples were distributed both in the axial and the
radial directions. The temperature difference between solid and
fluid phases was checked. The study was performed for both tran-
sient and steady-state conditions. In the transient conditions, only
the temperature distribution variations with time inside the bed
were investigated. The radial effective thermal conductivity and
the wall heat transfer coefficient were determined by the compari-
son of the steady-state experimental results with the analytical so-
lution of Eq. (18). The axial effective thermal conductivity was
directly calculated from Eq. (20) which was proposed by Wakao
et al. [31]:
keax
kf
¼ ke
kf
þ 0:5Re Pr (20)
It was declared that the correlations of the radial effective thermal
conductivity of Bunnell et al. [28] and Demirel et al. [27] provide
well predictions.
Dixon and van Dongeren [30] studied a cylindrical packed bed
with spherical particles of porous ceramic, nylon and steel. The
effects of the tube (packed bed) and the particle diameters on the
heat transfer were investigated for the fixed tube-to-particle diam-
eter ratios of 4 and 8. The Re number interval was between 100
and 900. Steam was circulated in the jacket of the tested section to
provide constant wall temperature. Both the axial and the radial
temperature measurements were achieved. Equation (18) and its
boundary conditions were used to find an analytical expression for
the temperature distribution through the bed. For the axial effec-
tive thermal conductivity, the following equation was used:
keax
kf
¼ 0:5Re Prþ ks
kf
(21)
where ks/kf was taken as 18, 8, and 4 for steel, porous ceramic, and
nylon packings, respectively. The radial effective thermal conduc-
tivity and the wall Nusselt number values were found for various
Re numbers. It was found that the radial effective thermal conduc-
tivity can be described based on the value of tube-to-particle diame-
ter ratio rather than the individual tube and particle diameters.
Borkink and Westerterp [32] studied a cylindrical packed bed
with glass spheres of two different diameters as 3.7mm for the Pec-
let number range of 60–300 and 7.2mm for the Peclet number range
of 100–800. Moreover, porous alumina cylinders for 50< Pe< 450
and porous alumina Raschig rings for 100<Pe< 450 were studied.
The study was performed for three stainless steel beds with different
inner diameters. Air was used as fluid phase. The experimental
setup was constructed to measure both the radial and the axial tem-
perature values throughout the packed bed. Hot air entered to the
bed while cooling of the fluid was made by the lateral walls with
constant temperature. No calming section was involved in the setup.
For the steady state, the radial temperature profile was measured
near the top section of the bed. Dimensionless form of Eq. (18) was
solved and the axial conduction was neglected. A correlation that
relates the radial effective thermal conductivity with the Peclet
number, the particle shape, and the number of particles on the tube
(packed bed) diameter was obtained. The obtained correlation is
illustrated at Table 6.
The same packed bed setup [32] was studied for Pe numbers
between 150 and 2100 by the same researchers [33]. Similar to
the previous study, the dimensionless form of Eq. (18) without the
axial dispersion was solved. Based on the obtained results, it was
declared that the inlet boundary condition in the modeling of the
radial effective thermal conductivity is very important. If the inlet
temperature profile is assumed to be radially flat, although the
actual profile is curved, an axial dispersion may occur. The radial
effective thermal conductivity and the wall heat transfer coeffi-
cient were found to be strongly cross-correlated and both parame-
ters were found to be independent of the tube diameter.
Furthermore, the same experimental setup with alumina cylinder
packings was used [34]. Reynolds numbers between 70 and 600
were considered. The dimensionless form of Eq. (17) with axial
conduction was solved, numerically. The influences of the inlet and
the outlet boundary conditions on the solution were investigated.
The values of the axial effective thermal conductivity, the radial
effective thermal conductivity and the wall heat transfer coefficient
were found for various Reynolds numbers and bed diameters. These
results were obtained with the assumption of a parabolic tempera-
ture profile at the inlet. It was declared that the inclusion of the
axial thermal dispersion in the heat balance does not significantly
influence the description of the heat transport in wall cooled or
heated packed bed if the correct radial inlet temperature profile is
selected and the employed Reynolds numbers exceed 50.
Kwong and Smith [35] studied two different sizes of the cylin-
drical packed beds with air and ammonia. The packing materials
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were steel and alumina spheres. The nonheated calming section
was not involved in the study, but the inlet temperature measure-
ments were taken at about 18 cm above the actual inlet of the bed
to reduce entrance disturbances. To find theoretical temperature
distribution, Eq. (18) was solved, numerically. The term for the
axial heat transfer by diffusion was neglected. The radial effective
thermal conductivity values were found for Reynolds numbers
between 50 and 450.
Bey and Eigenberger [36] studied the packed bed (tube) with
glass and ceramic spheres, and ceramic ring packings with tube-
to-particle diameter ratios between 3.3 and 11. The studied Reyn-
olds number range was between 50 and 900 for the spheres and
between 0 and 2500 for the rings. The experiments were con-
ducted with the packing materials between two parallel plates of
different temperatures (Fig. 4). By this way, instead of solving Eq.
(18) with the aforementioned boundary conditions (in the case of
the cylindrical beds), the radial effective thermal conductivity and
the wall heat transfer coefficient were described by using Eq. (22)
and (23) where q00w is the wall heat flux and hw is the wall heat
transfer coefficient. The results of Eq. (22) and (23) were com-
pared with the experimental data.
q00w ¼ ker
dT
dx
(22)
q00w ¼ hw Tw  T r ¼ Rð Þ½  (23)
It was claimed that the value of the radial effective thermal con-
ductivity can be well described by the correlation developed by
Bauer and Schlu¨nder [37] (Eq. (24)), where Kr is a correlation
constant. Kr values for different tube-to-particle diameters were
shown in diagrams in their study.
ker
kf
¼ ke
kf
þ Pe
Kr
(24)
Jorge et al. [38] studied a cylindrical packed bed filled with cylin-
drical particles. Air was used as fluid. The packing material was
an industrial catalyst made of nickel supported on alumina. Reyn-
olds numbers between 87 and 290 was studied. The radial effec-
tive thermal conductivity and the wall heat transfer coefficient
were estimated from the steady state data while the characteristic
bed time constant was estimated from the transient data from the
experiments. The test section was heated by using a steam jacket
and the uniform temperature at the lateral surface was checked. A
new correlation was proposed for the radial effective thermal con-
ductivity. Equation (18) was numerically solved to obtain the tem-
perature distribution. A correlation developed by Dixon and
Cresswell [39] (Eq. (25)) was used for the determination of the
axial effective thermal conductivity, where G is the superficial
mass flow rate.
keax ¼ Gcpf dp 0:5
1þ 9:7e=Peþ
0:73eþ ks=kf
Pe
 
(25)
Dekhtyar et al. [40] studied a cylindrical packed bed of glass
spheres. The fluids were water and 47% aqueous solution of glyc-
erin. Reynolds number range of 3–700 was examined. Constant
heat flux at the surface boundary was used in the experimental
setup. Equation (18) was solved without considering the axial
component of diffusion heat transfer to obtain an analytical
expression for the temperature profile. In the obtained analytical
solution, temperature depends on r2 and x. Equation (26) was pre-
sented based on the obtained analytical expression. A parabolic
temperature profile was assumed in the packed bed and then Eq.
(26) was found by using the parabolic temperature profile.
ker ¼ q
00
w
D@T=@ r2ð Þ (26)
The radial effective thermal conductivity was calculated from
Eq. (26) with using the temperature data from the experiment (D
is the tube diameter). A correlation was obtained for the radial
effective thermal conductivity ratio. It was claimed that the pro-
posed correlation was adequate for the turbulent range whereas
some stratification of data was observed for the low Reynolds
number regions. It was also mentioned that the effective thermal
conductivity ratio is proportional to the square root of the Peclet
number for the Reynolds numbers below 100.
Gunn and Khalid [41] studied air flowing cylindrical packed
beds with glass and metallic particles. The investigated Reynolds
number range was between 1 and 400. The packed bed had an
unheated inlet section and then the lateral walls were heated by
steam. Eq. (18) was used to obtain the analytical solution. The
axial and the radial thermal dispersion conductivities were
achieved. The results were shown by the graphics of the axial and
the radial Peclet numbers constructed with the dispersion conduc-
tivities versus Reynolds number.
4.2 Heat Addition at the Inlet/Outlet Boundary. Heat addi-
tion at the inlet/outlet boundary approach used most frequently in
the early studies of the heat transfer in porous media. A review of
those studies can be found in Kaviany [2]. In some studies, mass
transfer experiments were conducted based on this method and
the effective thermal conductivity values were obtained by anal-
ogy between the heat and mass transfer [42]. Generally, thermal
equilibrium condition was assumed for the determination of the
effective thermal conductivity. In this method, the bed can be
heated at the inlet or outlet boundaries to provide a temperature
gradient. A sample experimental setup for the heat addition at the
inlet/outlet boundary is provided and shown in Fig. 5, schemati-
cally. Similar to the heat removal/addition at the lateral bounda-
ries (Fig. 3), the experimental setup consists of a calming section
and a test section. There is an electrical heater array at the inlet of
test section and the temperature of the bed increases at the inlet
boundary of the bed. In some cases, the heat step input is provided
by pumping the fluids from two reservoirs at the different temper-
atures. The lateral boundary of the bed is insulated. Then, temper-
ature distributions in longitudinal and transverse directions in the
bed is measured and plotted. Our literature review shows that two
methods can be applied for the heat addition at the inlet boundary.
The methods used for the heat addition at the inlet/outlet bounda-
ries are explained below. The first and the second methods are
used for the heating at the inlet boundary while the third method
is used for the heating at the outlet boundary.
(a) In the first method used for the heating at the inlet
boundary, temperature gradient can be generated by a
heat source and applied at the bed inlet plane. The effect
of the temperature gradient at the bed inlet plane is
propagated through the bed and then it is measured. A
temperature gradient in the radial direction of the bed
can be obtained by partial heating of the inlet section of
the packed bed. Generally, a steady condition is
Fig. 4 Experimental setup of Bey and Eigenberger [36], this
figure was published in Ref. [36]. Copyright 2001 Elsevier Mas-
son SAS. All rights reserved.
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conducted to determine the thermal dispersion. The trans-
verse and longitudinal components of the effective ther-
mal conductivity can be found by comparing theoretical
solution of Eq. (27) with temperature measurements.
qcp
 	
f
uh i @ Th i
@z
¼ ketr @
2 Th i
@x2
þ keax @
2 Th i
@z2
(27)
where ketr and keax are the transverse and the longitudi-
nal (axial) effective thermal conductivities, respectively.
The imposed boundary conditions are:
• radially uniform or nonuniform temperature at the
inlet,
• zero heat flux at the lateral boundaries,
• symmetry at the center of the packed bed,
• no diffusion heat flux at the outlet.
(b) In the second method used for the heating at the inlet
boundary, transient experiments were conducted by
using radially uniform temperature at the inlet of the
packed bed. A step change, a pulse heat input, or a sinu-
soidal temperature variation in time can be imposed at
the bed inlet and consequently the outlet air temperature
varies with time. For a step change, a sudden tempera-
ture change is applied at the bed inlet boundary and then
the inlet temperature remains constant. For a pulse heat
input, a finite amplitude pulse is applied by the heater
and it is repeated periodically. With a similar arrange-
ment, a sinusoidal change in temperature can also be
achieved. The measurements are made for temperature
in the downstream temperature and/or time lag differ-
ence between the waves at the inlet and outlet of the
packed bed. The walls of the bed are insulated and con-
sequently the axial conductive and convective heat
transports become dominant. Because of these assump-
tions, the one-dimensional transient form of the macro-
scopic energy equation (Eq. (28)) can be used to obtain
the theoretical solution of the temperature in the bed.
qcp
 	
e
@ Th i
@t
þ qcp
 	
f
uh i @ Th i
@z
¼ keax @
2 Th i
@z2
(28)
The following initial and boundary conditions can be
implemented for the boundaries:
• for the inlet boundary condition, a time dependent
temperature can be used (e.g., sinusoidal wave with
constant amplitude),
• a uniform temperature for the initial condition,
• the measured outlet temperatures can be used.
(c) The third method is used for heating at the outlet
boundary. Heating at the outlet of the packed bed can
be done by using an infrared lamp. Thus, the radiation
heating from the external of the bed is used to create
the temperature gradient inside the bed. Equation (27)
is considered to obtain the theoretical temperature dis-
tribution. Figure 6 displays the schematic view of the
experimental setups used in the studies in which the
radiation heating method was applied. Equation (27) is
used without heat diffusion in the transverse direction
to obtain the analytical temperature distribution in the
packed bed.
Gunn and De Souza [43] studied the thermal frequency
response of the packed beds by using a similar method as
described above. The packing materials were glass, steel and lead
spheres. Air was used as fluid and the Reynolds number range
between 0.05 and 330 was studied. A grid heater was placed at the
inlet of the packed bed and sinusoidal heating was applied via this
heater. Low thermal conductivity materials were used at the walls
of the packed bed; hence the radial heat transfer was kept small
compared to the axial heat transfer. The axial dispersion coeffi-
cient and the fluid-particle heat transfer coefficient were found by
a nonlinear regression. The experimental frequency response was
observed to be mostly influenced from the thermal dispersion at
Reynolds numbers less than 1.
Clement and Jorgensen [44] studied the axial and the radial dis-
persion coefficients under nonreacting and reacting conditions. A
cylindrical packed bed with Pt-impregnated alumina pellets as
packing was used. The lateral walls were insulated. At the begin-
ning of the experiments, the packed bed was allowed to reach the
steady state. After some time, a periodical temperature pulse was
applied at the bed inlet. Then the transient measurements were
done. Three steady state temperature profiles were examined with
different inlet conditions. All experiments were conducted for
Reynolds number of 10. Thus the values of dispersion coefficients
for this Reynolds number were found. The dimensionless, 2D, and
cylindrical form of Eq. (28) was solved analytically to obtain the
Fig. 5 The schematics of the experimental setup for the heating at the inlet
boundary
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temperature distribution in the bed. It was concluded that for non-
reacting conditions, in order to obtain accurate values of the axial
thermal dispersion coefficients, it is necessary to include the radial
thermal dispersion in spite of the insulation at lateral walls.
Levec and Carbonell [45] investigated the thermal response of a
rectangular packed bed due to step temperature changes. Water was
used as fluid. Peclet number range from 10 to 1000 was studied.
The packing was urea formaldehyde spheres. A flow distributor
was used at the setup to provide uniform velocity. Transient experi-
ments were conducted by employing a step temperature change in
water. Fluid and solid temperatures were measured separately at six
axial locations as a function of time. Transverse diffusion was
neglected and the axial effective thermal conductivity values were
obtained. Thermal nonequilibrium was considered and the macro-
scopic energy equations for the solid and the fluid phases were
solved, separately. It is mentioned that there are three factors affect-
ing the axial effective thermal conductivity: firstly conduction, sec-
ondly hydrodynamic dispersion, and finally the heat exchange
between solid and fluid. In their study, some steady experiments
were conducted to measure the transverse effective thermal conduc-
tivity. For these measurements nonuniform temperature at the inlet
was used by contributing different temperatures at the two halves
of the packed bed. Eq. (27) was used to obtain the transverse effec-
tive thermal conductivity values with neglecting axial diffusion.
Elsari and Hughes [46] investigated the axial effective conduc-
tivity for a cylindrical packed bed with different packing materials.
Air, nitrogen and carbon dioxide were used as fluid in the study.
Packing materials were steel ball bearings, copper chromite and
chromia alumina cylinders, alumina hollow cylinders, and alumina
spheres. Two types of the packed beds were used as a glass bed and
a thin walled steel bed. The lateral surfaces of the beds were insu-
lated. Heat input was given at the outlets of the beds by using an
infra-red lamp of 375W. Equation (27) was first considered with
using uniform temperatures at the inlet and outlet and with neglect-
ing radial conduction. Additionally, in order to calculate the radial
heat losses, Eq. (29) was used. It was observed that the axial effec-
tive thermal conductivity strongly depends on particle size.
qcp
 	
f
u
@ Th i
@z
þ keax @
2 Th i
@z2
þ 4hw
D
Th i  Tið Þ ¼ 0 (29)
where hw is the wall heat transfer coefficient, D is the tube diame-
ter, and Ti is the inlet gas temperature.
Yagi et al. [47] studied a cylindrical packed bed with insulated
walls for low Reynolds numbers. Glass and metal spherical par-
ticles were used as packing materials. The packed bed was heated
from the top by an infrared lamp. The axial effective thermal con-
ductivity values were obtained by using Eq. (27). The radial diffu-
sion was neglected. A correlation that related the axial effective
thermal conductivity with the Peclet number and the dimension-
less stagnant thermal conductivity was found.
Vortuba et al. [48] studied an experimental setup similar to that
used by Yagi et al. [46] in order to determine the axial effective
thermal conductivity. Reynolds number range from 0.1 to 1000
was studied for air, oxygen, and nitrogen. The packing particles
were glass, iron, lead, alumina, sand, and duracryl spheres, ce-
ramic Raschig rings, alumina cylinders, and irregular particles. A
250W infrared lamp was used to heat the packed bed from the
top. The temperature measurements were done at the packed bed
axis. Radial measurements were also done, but no measurable ra-
dial temperature gradient was found. To obtain analytical temper-
ature profiles, Eq. (27) was used with neglecting radial heat
diffusion. A correlation for the axial effective thermal conductiv-
ity was obtained.
Vortmeyer and Adam [49] studied heat transfer in cylindrical
packed beds filled with spherical particles. The experiments were
conducted with spherical particles of low thermal conductivity,
such as catalyst support material Al2O3 or plastic, with glass
spheres of moderate thermal conductivity and metal (steel, bronze,
brass) spheres of high thermal conductivity. Air was used as fluid
phase. Radial heat losses were included to the analytical solution
by using Eq. (29). A correlation for the axial effective thermal
conductivity was derived. Additionally, the experimental results
of Kunii and Smith [50] were analyzed to include the effects of
different gases and another relation was obtained for the axial
effective thermal conductivity of packed beds with glass spherical
packings.
4.3 Heat Addition Inside the Bed. In this approach, a plane
or a point heat source is placed inside the packed bed. Time de-
pendent or steady heat sources can be used. Usually rectangular
Fig. 6 The schematic of experimental setups in which the radiation heating method was used
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packed beds were used. A wire that is placed perpendicular to the
fluid flow can be thought as a point source or several wires in the
same plane can be considered as a plane heat source inside the
packed bed. Furthermore, a heated spherical particle can be used
as a heat addition source in the bed. Both the axial and the trans-
verse components of the effective thermal conductivity can be
determined if the thermocouples distributed throughout the
packed bed.
The governing equation, which should be solved to determine
the axial and the transverse effective thermal conductivities, is
given by Eq. (30).
qcp
 	
e
@ Th i
@t
þ qcp
 	
f
~uh i @ Th i
@x
¼ keax @
2 Th i
@x2
þ ketr @
2 Th i
@y2
þ s (30)
where keax and ketr are the axial and the transverse effective ther-
mal conductivities and s is the source strength. The boundary con-
ditions for this equation can be
• constant temperature at the inlet,
• thermally developed outlet (zero temperature gradient),
• insulation at the lateral boundaries
The initial condition can be a uniform reference temperature.
Metzger et al. [51] investigated transient heat transfer in a rec-
tangular packed bed filled with glass spheres. Water flow from the
top to the bottom in the packed bed with constant inlet tempera-
ture and the Peclet numbers below 130 were considered. The ex-
perimental setups are shown in Fig. 7(a) and 7(b). Two different
configurations of the heat sources were analyzed in the study. A
single wire near the inlet of the packed bed was used as a point
heat source (Fig. 7(a) and a plane heat source was made by wires
placed in the same plane (Fig. 7(b)). Thirteen thermocouples in
the downstream measured the temperature response to a step heat
input. Ordinary least squares and Gauss–Markov methods were
used to estimate unknown effective thermal conductivity values in
the analytical solution of Eq. (30). Monte Carlo simulations were
done to assess the estimation errors. As a result of these simula-
tions, it was claimed that the axial effective thermal conductivity
has been estimated with higher accuracy whereas the lateral one
has lower accuracy. Equation (31) was proposed for the axial
effective thermal conductivity.
keax
kf
¼ ke
kf
þ 0:073Pe1:59 (31)
Testu et al. [52] studied the same experimental setup for the line
heater shown in Fig. 7(a). Air was used as fluid phase and glass
spheres and ceramic grains with internal porosity were used as the
packing particles. The Peclet range between 10 and 70 were stud-
ied. Equation (27) was used to obtain the analytical temperature
distribution. The medium was approximated as infinite. The ordi-
nary least squares method was used to predict the unknown coeffi-
cients of the analytical solution with using the experimental
temperature data. Both the axial and the transverse effective ther-
mal conductivities were obtained. Some diagrams were con-
structed for the axial and the transverse effective thermal
conductivities of the packed bed filled with spheres for various
Peclet numbers. It was also claimed that the thermal equilibrium
assumption is valid even for the fluid and the packing materials of
different thermophysical properties.
Testu et al. [53] examined the setup in Fig. 7(a) with glass
spheres. Both air and water were used as fluid. Water flow was
examined for Reynolds numbers below 18 while air flow
was examined for Reynolds numbers between 12 and 100. The
same procedure in the study of Testu et al. [52] was followed. It
was claimed that the size of the beads has no effect on the disper-
sion in air. The correlations were constructed for the axial and the
transverse effective thermal conductivity values of water and air
flows. These correlations are given in Table 6. Furthermore,
another correlation, given in Table 6, was claimed to be valid to
predict the axial effective thermal conductivity values for both
fluids.
5 Discussion
Based on the reviewed studies explained in previous section,
tables are provided to compare the experimental setups and the
obtained transverse and longitudinal effective thermal conductiv-
ities. Based on the explained classification, Table 1 illustrates the
type of the performed experimental studies. In this table, the stud-
ies in which heat addition/removal at the lateral boundaries, heat
addition at the inlet/outlet boundary, or heat addition inside the
bed are listed with the corresponding reference number. As seen,
Fig. 7 Experimental setup of Metzger et al. [51] (a) Point heat source, (b) plane
heat source, reprinted from Ref. [51], Copyright 2004, with permission from
Elsevier
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the most of the experimental studies were performed by using
heat addition/removal at the lateral boundaries under steady
condition.
Table 2 shows the treatment that was used for the determination
of the axial and/or radial effective thermal conductivities. As
known, the values of the effective thermal conductivities in the ra-
dial or the axial directions may be different from each other. Hence
there are two unknown parameters that should be obtained from the
solution of a single differential equation. The calculation of both
effective thermal conductivities in the radial and the axial directions
may not be easy. In many cases, the effective thermal conductivity
in one of the directions may be dominant compared to the other
direction. Hence one of the radial or the axial effective thermal con-
ductivities was neglected in some studies [23–27]. However, some
researchers preferred to calculate the axial effective thermal con-
ductivity by using a proper correlation reported in the literature
[29,30,38]. The employed correlations in those studies are given by
Eq. (20), (21), and (25) in Sec. 4. Table 2 shows that the aim of the
most studies was to determine the radial effective thermal conduc-
tivity, and the axial thermal conductivity was neglected or calcu-
lated from a reported correlation in the literature. Bunnell et al.
[28], Borkink and Westerterp [34], Metzger et al. [51], Testu et al.
[52,53], Gunn and Khalid [41], Clement and Jorgensen [44], and
Levec and Carbonell [45] determined both the axial and transverse
effective thermal conductivity ratios, experimentally. Elsari and
Hughes [46], Yagi et al. [47], Vortuba et al. [48], Gunn and de
Table 1 Experimental approaches used by various researchers to determine the effective
thermal conductivity ratio
Heat Addition/removal at
the lateral boundaries
Heat addition at the
inlet/outlet boundary
Heat addition
inside the bed
Smirnov et al. [23–25] Gunn and De Souza [43] Metzger et al. [51]
Thomeo and Freire [26] Clement and Jorgensen [44] Testu et al. [52,53]
Demirel et al. [27] Levec and Carbonell [45]
Bunnell et al. [28] Elsari and Hughes [46]
Wen and Ding [29] Yagi et al. [47]
Dixon and van Dongeren [30] Vortuba et al. [48]
Borkink and Westerterp [32–34] Vortmeyer and Adam [49]
Kwong and Smith [35]
Bey and Eigenberger [36]
Jorge et al. [38]
Dekhtyar et al. [40]
Gunn and Khalid [41]
Table 2 The axial and/or the radial effective thermal conductivity treatment in the reported experimental studies
keax ker
Experimental studies Calculated Neglected
A reported
correlation was used Calculated Neglected
A reported
correlation was used
Smirnov et al. [23–25] X X
Thomeo and Freire [26] X X
Demirel et al. [27] X X
Bunnell et al. [28] X X
Wen and Ding [29] X X
Dixon and van Dongeren [30] X X
Borkink and Westerterp [32,33] X X
Borkink and Westerterp [34] X X
Kwong and Smith [35] X X
Bey and Eigenberger [36] X X
Jorge et al. [38] X X
Dekhtyar et al. [40] X X
Gunn and Khalid [41] X X
Gunn and De Souza [43] X X
Clement and Jorgensen [44] X X
Levec and Carbonell [45] X X
Elsari and Hughes [46] X X
Yagi et al. [47] X X
Vortuba et al. [48] X X
Vortmeyer and Adam [49] X X
Metzger et al. [51] X X
Testu et al. [52,53] X X
Table 3 The lateral surface boundary conditions applied in
studies with heat addition/removal at the lateral boundaries
Experimental
studies
Constant lateral
wall temperature
Constant heat
flux
Smirnov et al. [23–25] X
Thomeo and Freire [26] X
Demirel et al. [27] X
Bunnell et al. [26] X
Wen and Ding [29] X
Dixon and van Dongeren [30] X
Borkink and Westerterp [32–34] X
Kwong and Smith [35] X
Bey and Eigenberger [36] X
Jorge et al. [38] X
Dekhtyar et al. [40] X
Gunn and Khalid [41] X
Applied Mechanics Reviews MAY 2013, Vol. 65 / 031001-11
Downloaded From: http://appliedmechanicsreviews.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/amread/927298/ on 04/10/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Table 4 The features of the packing particles used in the experimental studies
Particle shape
Experimental studies Sphere Cylinder Raschig ring Others
Smirnov et al. [23] Steel Ceramic Ceramic —
16mm
Glass
19mm
10mm (d and l)
19mm (d and l)
14mm (do and l)
and t¼ 3.5mm
Copper
14mm (do and l)
and t¼ 1mm
Smirnov et al. [24] — — — 4-hole and 52-hole
cylindrical pellets,
6-spoke wheels, 3-hole
trilobed particles
Smirnov et al. [25] — Ceramic
d¼ 14mm and l¼ 9mm
d¼ 9mm and l¼ 19mm
Same with Ref. [23]
Same with Ref. [23] Ceramic wheel with six
holes, ceramic 52-hole
block, ceramic 4-hole
pellet
Thomeo and Freire [26] Glass — — —
3.1mm
Demirel et al. [27] Polystyrene — Polyvinyl chloride —
48mm, 38mm, 29mm dp¼ 38.5mm, 32.6mm
Bunnell et al. [28] — Alumina — —
3.175mm (d and l)
Wen and Ding [29] Glass — — —
5mm
Dixon and van Dongeren
[30]
Porous ceramic, nylon, steel
3.275mm< d< 24.95mm
— — —
Borkink and Westerterp
[32,33]
Glass
3.7mm and 7.2mm
Porous alumina
d¼ 6.4mm and
l¼ 5.2mm
Porous alumina
do¼ 8.5mm, t¼ 5.4mm,
l¼ 8.6mm
—
Borkink and Westerterp
[34]
— Same with Ref. [32] — —
Kwong and Smith [35] Steel — — —
6.35mm and 3.97mm
Alumina
6.35mm and 9.525mm
Bey and Eigenberger [36] Ceramic — Ceramic —
4.5mm< d< 12mm 2.8mm< t< 5.5mm
Glass 5mm< do< 15mm
6mm 5mm< l< 15mm
Jorge et al. [38] — Nickel supported alumina — —
d¼ 3.54mm
l¼ 2.83mm
Dekhtyar et al. [40] Glass — — —
0.9, 3.2, 8.9mm
Gunn and Khalid [41] Lead — — —
1mm, 7mm
Nickel
6.8mm
Steel
6.4mm
Glass
0.5mm, 1.2mm, 3mm, 6mm
Gunn and De Souza [43] Glass — — —
0.275, 0.46, 1.15, 2.2, 3, 6mm
Steel
3.16, 6.32mm
Lead
0.8mm
Clement and Jorgensen
[44]
— Pt-impregnated alumina
3.7mm (d and l)
— —
Levec and Carbonell [45] Urea Formaldehyde
2.5, 5.5mm
— — —
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Souza [43] and Vortmeyer and Adam [49] performed the experi-
mental study to determine only the axial effective thermal conduc-
tivity. A considerable amount of researchers ignored one of the two
effective thermal conductivities.
Table 3 displays the comparison of the boundary conditions
applied at the lateral boundaries of the packed beds used in the
first type of the experimental methods (Heat addition/removal at
the lateral boundaries). At the most of the studies, the lateral
boundary was kept at a constant temperature by flowing water or
steam in a jacket surrounded this boundary. However, Demirel
et al. [27] and Dekhtyar et al. [40] used constant heat flux at the
lateral boundaries of the packed bed to generate temperature gra-
dient in radial direction inside the bed.
Table 4 compares the shape, size and materials of the packing
particles in the reported experiments. The first column refers to
the researcher and the corresponding reference number in this pa-
per, the second, third, and fourth columns refer to the shape, size
and material of the employed particles which can be sphere, cylin-
der, or Raschig rings, respectively. The unclassified particle
shapes are mentioned in the fifth column. In most of the studies,
the particles with spherical shape were used. The size of the
employed spherical particles widely changed from 0.275mm to
48mm. Then, the cylindrical particles were mostly used to deter-
mine the effective thermal conductivity for the packed beds. The
diameter and length of the cylinder particles changed between
3.175mm and 19mm. Besides the studies with sphere and cylin-
der particles, some researchers preferred to use Raschig ring
which is hollow cylinder. Based on the reported information, the
inner and the outer diameters of Raschig rings changed from 2
to 13mm, and 5 to 15mm, respectively. The length of Raschig
rings varied from 5 to 15mm. The materials of the particles were
also very different. The glass materials were used in almost 60%
of the studies given in this review. Glass is followed by steel,
alumina and ceramic materials. Copper, polystyrene, polyvinyl
chloride, nylon and tungsten are the other materials used in the
experiments.
The dimensions and the shapes of the packed beds, the ratios of
the tube to particle diameters and employed fluid phases are com-
pared in Table 5. The cylindrical packed beds were used widely.
The use of the cylindrical beds provides some advantages such as
the simplification of the macroscopic energy equation and also the
checking of the temperature measurements at different points in
Table 4. Continued
Particle shape
Experimental studies Sphere Cylinder Raschig ring Others
Elsari and Hughes [46] Stainless steel Copper chromite Alumina —
3.17mm d¼ 3.26mm t¼ 6mm, do¼ l¼ 8mm
Alumina l¼ 3.62mm
6.4mm Chromia alumina
d¼ 4.07mm
l¼ 4.18mm
Yagi et al. [47] Glass
Metal
— Broken pieces of
limestone
Vortuba et al. [48] Glass Alumina Ceramic Irregular particles
0.45, 2.25, 3.9, 6.5mm d¼ 5.4mm do¼ l¼ 6.5mm,
t¼ 3.5mm
0.5mm< d< 2mm
Iron l¼ 4mm
5, 5.15mm
Lead
2.25mm
Duracryl
1.3mm
Alumina
3.4mm
Sand
0.25mm
Vortmeyer and Adam
[49]
Al2O3 — — —
5, 6mm
Plastic
6mm
Glass
5, 8mm
Steel
2< d< 10mm
Bronze
6mm
Brass
6mm
Metzger et al. [51] Glass — — —
2mm
Testu et al. [52] Glass — — —
2mm
Testu et al. [53] Glass — — —
2mm
Note: d, do, and dp are particle, outer, and equivalent diameters while l and t are the length and the thickness, respectively.
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Table 5 The features of the experimental setups used in the literature
Bed shape
Experimental studies Cylindrical Rectangular
Tube-to-particle
diameter ratio Employed fluid
Smirnov et al. [23–25] Di¼ 84mm — Btw 4 and 5.25 Air
L¼ 1130mm
(330mm heating,
150mm calming,
650mm cooled test sections)
Thomeo and Freire [26] Di¼ 57mm — 18.4 Air
L¼ 346mm
(246mm inlet,
100mm cooling sections)
Demirel et al. [27] — L 1600mm — Air
H 100mm
w 400mm
Bunnell et al. [28] Di¼ 50.8mm — 16 Air
L¼ 965.2mm
Wen and Ding [29] Di¼ 41mm — 8.2 Air
L¼ 1100mm
Dixon and van Dongeren [30] Di¼ 26.2, 50.3, 74.9, 99.8mm — 4 and 8 Air
602mm<L< 640mm
(450–475mm test,
152–165mm calming sections)
Borkink and Westerterp [32,33] Di¼ 49.9, 63.5, 99mm —  btw 7 and 27 Air
L¼ 1300mm
Borkink and Westerterp [34] Same with Ref. [32] — Btw 8 and 17 Air
Kwong and Smith [35] Di¼ 50.8, 101.6mm — Btw 5 and 26 Air
Ammonia
Bey and Eigenberger [36] — H¼ 50mm Btw 3.3 and 11 Air
L¼ 60mm
Jorge et al. [38] Di¼ 60mm — 16 Air
L¼ 650mm
(250mm calming,
400mm heating
test sections)
Dekhtyar et al. [40] Di¼ 52mm — Btw 5.8 and 58 Water
L¼ 531mm 47% aqueous
solution of glycerin
Gunn and Khalid [41] Di¼ 95.25mm — Btw 13.5 and 190.5 Air
L¼ 304.8mm
Gunn and De Souza [43] L¼ 30 and 60mm — — Air
Clement and Jorgensen [44] Di¼ 98mm — 26 Air
L¼ 500mm
Levec and Carbonell [45] — H¼ 210mm — Water
L¼ 1060mm
w¼ 210mm
Elsari and Hughes [46] Di¼ 25mm — Btw 3.9 and 8 Air, N2, CO2
L¼ 230mm
Yagi et al. [47] Di¼ 50, 68mm — — Air
Vortuba et al. [48] Di¼ 26mm — Btw 3.85 and 104 Air, O2, N2
Vortmeyer and Adam [49] Di¼ 86, 139, 200mm — Btw 8.6 and 100 Air, CO2, He
L¼ 310mm
Metzger et al. [51] — L¼ 400mm — Water
H¼ 100mm
w¼ 200mm
Testu et al. [52] — Same with Ref. [51] — Air
Testu et al. [53] — Same with Ref. [51] — Water/Air
Note: Di is the inner diameter, L is the length, H is the height and w is the width of the tubes.
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the same arm location but at different angles. By this way, an axi-
symmetrical flow is achieved and by comparison of the tempera-
ture at different angles, the accuracy of the measured temperature
can be checked. The inner diameters of the packed beds changed
from 25 to 200mm. The length of bed also varied between 30 and
1300mm. Generally, the lengths of the packed beds were kept
much longer than its diameter to extract the end effects. Some of
the researchers preferred to perform the experimental studies on
the rectangular packed beds. The length and the height of the rec-
tangular beds varied between 60 to 1600mm, and 50 to 210mm,
respectively. The width of the beds changed from 200 to 400mm.
As seen from Table 5, the tube-to-particle diameter ratios changed
between 3.3 and 190.5. Air was the most common fluid in the ex-
perimental studies of the thermal dispersion. The other fluids used
in the researches were water, glycerol, glycerin, ammonia, nitro-
gen and carbon dioxide.
Figure 8 shows the ranges of the studied Reynolds numbers by
different researchers. A wide range of Reynolds numbers was
studied. Most of the researchers preferred to study on the Reyn-
olds numbers less than 1000. This may be due to the possibility of
the occurrence of turbulent flow. The solution of the macroscopic
turbulent energy equation in the voids between the particles is not
easy because in addition to unknown effective thermal conductiv-
ities in different directions, the turbulent thermal diffusivity
should also be predicted.
Based on the performed experimental studies, the proposed
effective thermal conductivity correlations are shown in Table 6.
The first column shows the researchers and the reference numbers.
The proposed correlations are given in the second column. The
value of the constants used in the suggested correlations and the
conditions, for which the suggested correlations are valid, are pre-
sented in the third column. This table does not include all the
works reviewed in the present paper since in some of the reviewed
experimental studies, no relation for the determination of the
effective thermal conductivity was proposed and the results were
presented via graphics. In 15 of the studies (about half of studies),
relations for the determination of the effective thermal conductiv-
ity were suggested. The value of effective thermal conductivity ra-
tio is calculated based on the flow and structural parameters such
as Reynolds (or Peclet) number and the particle shape and mate-
rial. Most of the proposed relations involve Reynolds number and
the equivalent thermal conductivity of the bed while some
researchers included Prandtl number and porosity in their pro-
posed correlations. Equation (16) indicates that the effective ther-
mal conductivity can be written as the summation of the
equivalent and thermal dispersion conductivities. Generally, the
first term in the correlations shows the effect of the equivalent
thermal conductivity. As can be seen from Eq. (13), the value of
the equivalent thermal conductivity may be constant for a packed
bed. The second term of the correlations shows the thermal disper-
sion conductivity which changes with Reynolds (or Peclet) num-
ber. Thus, a suggested correlation for the determination of
effective thermal conductivity should include these conductivities.
Some researchers presented the ratio of equivalent thermal con-
ductivity to the fluid thermal conductivity in their suggested corre-
lations. Hence, the value of the equivalent thermal conductivity
should be calculated by an equation. Other researchers preferred
to give a constant value for the ratio of equivalent thermal conduc-
tivity to the thermal conductivity of the fluid in their correlations.
Table 6 shows that the correlations proposed for the determina-
tion of the radial or axial effective thermal conductivity are either
based on Reynolds or Peclet numbers. In the all suggested rela-
tions, a proportional relation exists between the effective thermal
conductivity and Reynolds number. By increase of Reynolds num-
ber, the thermal dispersion becomes more influential on the heat
transfer in the packed bed, compared to the molecular heat diffu-
sion. Generally, the reported studies in the literature were per-
formed by using a fluid (water, or air). Hence, the inclusion of
Prandtl number in some correlations may be arguable since the
main variable parameter has been Reynolds number and Prandtl
number has been fixed. The inclusion of Prandtl number in the
correlations may be more meaningful if the experiments are per-
formed for different fluids. There is a limited number of con-
ducted with two or more different fluid. Testu et al. [53], Vortuba
et al. [48], and Vortmeyer and Adam [38] suggested correlations
by using different fluids. However, it seems that more studies
have to be performed to include the effects of Prandtl number and
find a correlation which will be valid for wide range of fluids.
In Fig. 9, the comparison of the change of radial (or transverse)
effective thermal conductivity ratios, found by using the proposed
correlations in Table 6, with Reynolds number is shown. The ra-
dial effective thermal conductivity ratios are calculated for air.
The variation of the radial effective thermal conductivity with
Reynolds number for sphere, cylinder, and Raschig ring particle
beds with Reynolds number are shown in Fig. 9(a), 9(b), and 9(c),
respectively. The range of the experimented Reynolds numbers is
Fig. 8 The Reynolds number ranges in the reported experimental studies
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Table 6 The suggested correlations for the determination of the effective thermal conductivity
Experimental studies Correlation Constant values and validation conditions
Smirnov et al. [23] ker
kf
¼ ke
kf
þ K  RePr K¼ 0.089 for steel spheres
K¼ 0.091 for glass spheres
K¼ 0.146 for 10mm diameter ceramic cylinders
K¼ 0.14 for 19mm diameter ceramic cylinders
K¼ 0.16 for 3.5mm diameter ceramic Raschig rings
K¼ 0.21 for 1mm diameter copper Raschig rings
Smirnov et al. [24] Same correlation with Ref. [23] K¼ 0.14 for ceramic 52 hole block
K¼ 0.2 for ceramic 4-hole pellet
K¼ 0.17 for ceramic 6-spoke wheel
K¼ 0.24 for ceramic 3-hole trilobed particle
Smirnov et al. [25] Same correlation with Ref. [23] K¼ 0.14 for ceramic cylinder of D¼ 14mm and
L¼ 9mm
K¼ 0.16 for ceramic cylinder of D¼ 9mm and
L¼ 19mm
K¼ 0.17 for ceramic wheel w¼ thickness 2mm
K¼ 0.23 for ceramic wheel w¼ thickness 1mm
Demirel et al. [27] ker
kf
¼ 2:894þ 0:068Re For polyvinyl chloride Raschig rings
ker
kf
¼ 10:432þ 0:0481Re For polystyrene spheres
Bunnell et al. [28] keax
kf
¼ ker
kf
¼ 5:0þ 0:061Re For alumina cylinders
Borkink and Westerterp [32] ker
kf
¼ ke
kf
þ Pe
B
ke/kf¼ 4.7, and B¼ 8.8 for 3.7mm diameter spheres,
and N¼ 13.5
ke/kf¼ 6.2 and B¼ 10.9 for 7.2mm diameter spheres
and 7<N< 14
ke/kf¼ 4, B¼ 7.6 for cylinders, and 8<N< 17
ke/kf¼ 4.5 and B¼ 4.2 for Raschig rings
and 8 N 16
N is number of particles on a diameter
Bey and Eigenberger [36] ker
kf
¼ ke
kf
þ Pe
Kr
Kr is empirical constant and its values were given in
graphics
Jorge et al. [38] ker
kf
¼ ke
kf
þ 0:16RePr For nickel supported on alumina cylinders
where
ke
kf
¼ ks
kf
 n
n ¼ 0:28 0:757 log eð Þ  0:057 log ks
kf
 
[54]
Dekhtyar et al. [40] ker
kf
¼ 0:083RePr For glass spheres
Metzger et al. [51] keax
kf
¼ ke
kf
þ 0:073Pe1:59 For water and glass spheres
ke% 0.86W/mK
Testu et al. [53] keax
kf
¼ ke
kf
þ 1:61Re1:59 Water, 0<Re< 18
keax
kf
¼ ke
kf
þ 0:126Pe1:45 Air, 12<Re< 100
keax
ke
¼ 1þ kf
ke
e 1 eð ÞRe1:5 Both water and air
 8:87 Pr0:7ð Þ  0:543 Pr7:02ð Þ
6:32
 
ketr
kf
¼ 6:4þ 0:113Pe Air, 12<Re< 130
ketr
kf
¼ ke
kf
þ 0:04Pe Water, 0.5<Re< 18
Elsari and Hughes [35] keax
kf
¼ 7:24þ 8:49Re Steel ball bearings
keax
kf
¼ 4:25þ 7:20Re Copper chromite cylinder
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considered in this diagram and the results are not extended out of
the reported range. Figure 9(a) shows the variation of the radial
effective thermal conductivity ratio with Reynolds number for the
beds with the spherical particles. The experimental results of the
beds with the spherical particles have good agreement with each
other. As can be seen from the figure, the obtained experimental
results for low Reynolds numbers (i.e. Re< 400) have excellent
agreement. However, by the increase of Reynolds number, the con-
sistency between the results decreases. This might be due to the
occurrence of turbulent flow and the increasing effects of the sur-
face roughness of the particles as well as the particle arrangement
in the packed bed. Figure 9(b) shows the change of the radial effec-
tive thermal conductivity ratio for the cylindrical particle beds.
Four correlations on the cylindrical particle beds could be found in
the literature. A good consistency between the correlations can be
observed. Finally, Fig. 9(c) illustrates the change of ker/kf with Re
for Raschig ring particles. The correlations of different studies do
not align with each other. This difference between the results of the
correlations might be due to the different shapes of the experi-
mented Raschig rings and the different bed porosities because of
the different thicknesses of Raschig rings. Bey and Eigenberger
[36] performed experiments with thick Raschig rings (do¼ 5,
di¼ 2.2, and L¼ 5mm). However, Sminov et al. [23] used rela-
tively thin Raschig rings (do¼ 14, di¼ 13, and L¼ 14mm).
The comparison between the axial effective thermal conductiv-
ity correlations cannot be made because of the diversity of the
employed packing particles and fluids.
6 Conclusion
The experimental studies that have been performed for the
determination of the transverse and the axial thermal dispersion
conductivities are classified into three groups: (1) heat addition/re-
moval at the lateral boundaries, (2) heat addition at the inlet/outlet
boundary and, (3) heat addition inside the bed. Our literature
review shows that the most of the studies were performed with
heat addition/removal at the lateral boundaries under steady state
conditions. The transient studies have been performed by using
the heat addition at the inlet/outlet boundary for the determination
of axial thermal dispersion.
Generally, the procedure is almost standardized for all these ex-
perimental approaches. A temperature gradient is generated in the
bed. The temperature is measured at various locations in the
Table 6. Continued
Experimental studies Correlation Constant values and validation conditions
keax
kf
¼ 3:24þ 6:47Re Chromia alumina cylinder
keax
kf
¼ 9:68þ 3:21Re Alumina hollow cylinder
keax
kf
¼ 8:63þ 3:12Re Alumina spheres
Yagi et al. [36] keax
kf
¼ ke
kf
þ dPe d¼ 0.8 for glass beads
d¼ 0.7 for metal spheres
Vortmeyer and Adam [38] keax
kf
¼ ke
kf
þ gRe=dp
1þ hRe=dp
g¼ 1420, 1060, 600 s/m, and h¼ 70, 96, 110 s/m for
metal, glass, and catalyst, respectively
 is kinematic viscosity
keax
kf
¼ ke
kf
þ kvRePr =dp
1þ pvRe=dp
For glass spheres and any gases
k and p are experimental parameters found for CO2, air
and He
Vortuba et al. [48] keax
Gcpdp
¼ ke=kf
Re Pr
þ 14:5
dp 1þ C3
Re Pr
  G is mass flow rate, C3 is experimental parameter
Fig. 9 The comparison of reported correlations for determination
of radial effective thermal conductivity ratio (a) spherical particle
bed, (b) cylindrical particle bed, (c) Raschig ring particle bed
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packed bed. An analytical (or rarely numerical) solution for the
macroscopic energy equation is obtained under the imposed
boundary/initial conditions. Then, the comparison between the ex-
perimental and theoretical values of the temperature distribution
in the bed yields the effective thermal conductivity.
Heat addition/removal at constant temperature lateral bounda-
ries was mostly preferred in the literature due to the ease of appli-
cation, probably. The spherical particles were favorable shape in
the performed studies and air was mostly used. In most of the
studies, the shape of the bed was cylindrical to provide an axisym-
metrical condition. The studies were performed for a wide range
of particle-based Reynolds numbers. It is important to note that no
laminar/turbulent distinction was taken into account for the sug-
gested correlations. Peclet number is the main independent param-
eter in the suggested correlations, however there are correlations
established based on Reynolds number only.
The diagrams showing the variation of the radial effective ther-
mal conductivity ratio with Reynolds number for air reveal that
there are good agreements between the results of different correla-
tions for the spherical and the cylindrical particle beds. However,
the same agreement is not observed for Raschig ring particles
since the shape of Raschig rings depends on three parameters as
the inner and outer diameters and the thickness.
The present study indicates that although the thermal dispersion
conductivity plays an important role in the convective heat trans-
fer in porous media, the number of the performed experimental
studies on the thermal dispersion is limited. The proposed correla-
tions are also limited and mostly established for the spherical par-
ticle beds.
Nomenclature
cp ¼ specific heat
D ¼ tube diameter
d ¼ particle diameter
dp ¼ equivalent particle diameter
G ¼ superficial mass flow rate
H ¼ bed height
h ¼ convective heat transfer coefficient
K ¼ convective heat transport parameter
Kr ¼ correlation constant
ke ¼ thermal conductivity
L ¼ bed length
l ¼ particle length
N ¼ tube(bed)-to-particle diameter ratio
Pe ¼ Peclet number based on particle diameter (Pe¼Re.Pr)
Pr ¼ Prandtl number of fluid
q00w ¼ wall heat flux
Re ¼ Reynolds number based on particle diameter
Re ¼ qf uh idp=lf
 	
S ¼ surface area
s ¼ source strength
T ¼ temperature
t ¼ time
t ¼ thickness
u ¼ velocity
V ¼ volume
w ¼ bed width
Greek Symbols
e ¼ porosity
l ¼ viscosity
q ¼ density
u ¼ any variable
h i ¼ volume average
Subscripts
c ¼ characteristic
dis ¼ thermal dispersion
e ¼ equivalent
eax ¼ axial (longitudinal) effective thermal conductivity
eff ¼ effective
er ¼ radial (transverse) effective thermal conductivity
etr ¼ transverse effective thermal conductivity
f ¼ fluid
i ¼ inner
o ¼ outer
s ¼ solid
w ¼ wall
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